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ABSTRACT
This work takes place in the understanding of the friction and wear mechanisms occurring in reinforced phe-
nolic materials, widely used in organic braking pads. As the matrix is filled with a large variety of particles, the
phenomena in the contact zone are complex and multi-physic. In a first approach the reinforcement is restricted
to spherical steel particles with diameters in the range of the fibbers size. The influence of the sliding speed, the
mean normal pressure and the contact temperature are examined and the benefits of using this kind of particle is
as well discussed. The tribological tests are performed on a newly developed High Speed Tribometer designed to
reproduce braking conditions. The results show that temperature is the most influential parameter, leading to a
decrease of the friction coefficient. They further indicate that reinforcement pushes the loss of efficiency to a higher
temperature. Optical observations and profilometer analysis show that the wear mechanisms are clearly dependent
on friction conditions. These results improve our knowledge of wear debris formation and conditions leading to
particle debonding in phenolic matrix material.
1 Introduction
In automotive braking systems, braking pads are made of composite materials containing at least ten different ingredi-
ents. More than 200 components are commonly used in commercial brake friction material. Due to the need to improve
safety and comfort, a large number of new components have been added in recent years. They are classified by their abil-
ity to change the pads frictional behaviour. Reinforcement fibres are used to improve the mechanical properties, abrasive
particles result in increased wear resistance and lubricant particles impart a stable friction coefficient. These components
are surrounded in binder; in organic braking pads, this is typically a phenolic resin. The vehicle kinetic energy is mainly
dissipated by heat generation at the disc-pad interface, which causes temperature elevation below 600◦C as measured by
Thevenet [1]. This heating leads to some surface degradations, such as oxidation, wear and thermo-mechanical failures by
cracking [2]. The fade phenomenon resulting occurring with the degradation of the phenolic resin also results in a significant
loss of braking efficiency.
Some authors work on modified polymer formulations to avoid or to reduce fading at higher temperatures ( [3], [4]).
Other works have focused on abrasive and lubricant component contents to produce a stable friction coefficient during brak-
ing application ( [5], [6]). Lu [7] has suggested the use of a combinatorial approach by classifying the additives according
to their wear resistance. These approaches require a lot of experimental testing and do not always explain the benefit of
each material. Although these tests allow the improvement of braking efficiency, there is some difficulty in explaining the
thermomechanical mechanisms due to the number of different constituents and the synergy between them.
Eriksson [8] has underlined the fact that the contact surface of braking pads is governed by the formation and the deterioration
of contact plateaus. Primary plateaus are composed of structural metal fibres formed by the deterioration of materials nearby
with lower wear resistance. They form nucleation sites for the growth of secondary plateaus from wear debris compaction.
The growth and destruction of contact patches are driven by the dynamics of wear in the brake system [9] and the circulation
of wear debris [10]. These observations show that pad wear resistance is highly dependent on the link between the matrix
and its reinforcements.
We initiate a study on tribological and wear mechanisms by focusing on the phenolic binder and one additive component
in order to better understanding the contact zone. First, the phenolic resin material reinforcement is restricted to spherical
steel particles 250µm in diameter. This is the main reinforcement component in organic brake pads. The friction and wear
behaviour are investigated on a reduced scale tribometer for different sliding speeds and normal pressure, consistent with
the conditions met in automotive braking conditions. Tests are performed on unreinforced and reinforced polymer samples
to identify any benefit brought by the addition of steel particles. The influence of the temperature is determined using an
inverse heat conduction model to get the temperature value at the pin contact surface.
2 Experimental procedure
The tribological behaviour of materials is studied using a High Speed Tribometer designed to reproduce the sliding
speed and pressure occurring in automotive braking conditions. The device works in a pin on disc configuration and has
been developed for the study of friction materials at a reduced scale. The pin and disc are dimensioned to keep the same
energy repartition as the full scale, according to the rule determined by Roussette [11] from the Newcomb equation [12].
It is necessary to maintain the same ratio between the pin contact surface and the disc friction ring in both the real and
experimental conditions.
2.1 High speed tribometer device
Fig. 1. High Speed Tribometer : pin on disc configuration
The High Speed Tribometer (Fig.1) has been developed by the TEMPO laboratory to reproduce severe thermomechan-
ical conditions [13]. This device is constructed on a Siemens MT1 high-speed machining system. For the disc dimensions
used in this study, it enables a sliding speed of 50m.s−1 at the mean sliding radius (15000rpm) for a nominal power of 41kW.
The broach can endure up to 10kN of normal load and 5kN of tangential load.
The disc is fixed on an HSK63 chuck with zircon rings, which give thermal insulation from the machining system and
allow the reproduction of symmetrical heat flow at half thickness. The broach can move on three translational axes and one
rotational axis. The pin is rigidly fixed on a square placed on the machining work table. A 3D piezoelectric stress sensor
(Kistler) between the pin and square allows the measurement of the normal and tangential loads on the pin during tribological
tests. The sensor can work under loads of up to 20kN in the normal direction and 5kN in the tangential direction.
The temperature measurement is performed by a K-type thermocouple inserted 1mm under the pin contact surface. This
is fixed with a cement paste providing thermal properties close to those of the resin, so as to limit the heat flow perturbation
induced by the hole. The sensor conductors are 0.1mm in diameter, and the thermocouple weld is not insulated so as to allow
a quick response (<1ms).
2.2 Sample preparation
The friction material samples were manufactured in-house. Two compositions were tested at the pin side. One was a
pure commercial phenolic resin, and the other was reinforced with 20% by volume of tempered steel particles. These were
spherical particles that were industrially produced by blasting water on molten metal. To obtain a narrow size distribution,
the components were sieved repeatedly. This procedure isolated particles from 200 to 300µm in diameter.
The resin powder and steel reinforcements were then mixed with a Turbula mixer, resulting in a homogeneous composition
for components with different densities. The cylindrical pieces were obtained by heating the compositions for 15 min at
150◦C and a typical pressure of 5MPa. The compressed parts were initially 30mm in diameter; they were reduced to 24mm
in diameter and 10mm in thickness to follow the reduced scale rule.
The friction disc was made of low carbon steel (AISI 1015). The rotor was 100mm in diameter with a thickness of 10mm.
A mean friction radius of 36mm allowed duplication of the heat flux repartition of the braking system of a European saloon
car.
2.3 Tested conditions
In these experiments, tribological tests were performed at constant sliding speed. Initially, the broach is rotated at a set
velocity. Then the rotor was moved in the normal direction, pressing the pin against the disc until the initial normal pressure
was reached. This value was maintained by the stress sensor measurement. Finally, the disc and pin were locked in the
normal position for the required duration.
The test duration was between 20sec and 3min, depending on the sliding speed and pressure conditions. Rotational speeds
of 1325, 2650 and 5300rpm were evaluated, corresponding to 5, 10 and 20m.s−1 at the mean friction radius, respectively.
These sliding speeds were met at the disc-pad interface for equivalent saloon car vehicle speeds of approximately 35, 70 and
140 km.h−1. Various normal contact pressures were also investigated, ranging from 0.25-1.5MPa. This corresponds to an
automotive hydraulic pressure of 16 to 100bar in the brake calliper.
The High Speed Tribometer works in a rigid configuration. In some tests, significant normal load variations occur due to the
rigidity of the system. The mean normal pressure is dependent of the competition between the material thermal expansion
and surface wear. For most of the tests, the normal load is maintained around the mean normal pressure researched. The
figure Fig.2 represents the pressure, the friction coefficient and the contact temperature evolution for a test performed at
20m.s−1 and for a normal pressure of 1MPa. The contact temperature is calculated by an inverse heat conduction method
(described below) using the data from the thermocouple placed 1mm under the pin surface.
2.4 Running-in procedure
To get contact on the entire pin surface, a running-in procedure was needed. As the High Speed Tribometer is con-
structed on a milling machine, it offers the ability to machine and mill once the disc and pin are fixed on. The running-in
procedure was accomplished in two steps. First, the pin was fixed on the rigid square and milled on the device. This ma-
chining resulted in a pin surface perpendicular to the rotational axis. The milling operation employed a rotational speed of
1700rpm for a linear broach displacement of 240mm.min−1. The disc was then mounted on the broach and machined with a
work tool at the same rotational and linear displacement conditions.
As the HST works in a rigid configuration, there are no degrees of freedom. This procedure allowed us to start with the
pin and disc surface parallel at the beginning of the tribological test. The disc friction ring profilometer analysis is shown in
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Fig. 3. Disc surface profile after machining procedure
figure Fig.3. Differences in roughness can be according to direction. In the sliding direction, the roughness (RA) was lower
than 0.15µm, while it was close to 1.5µm in the radial direction. Machining the disc on the device in the same conditions
allowed the use of the same disc surface profiles for all tribological tests.
The final running-in step was performed by rubbing the pin against the disc under the conditions to be tested (time, initial
pressure, sliding speed). This was repeated at least ten times. The pin surface was checked after every tenth running-in test
to verify that its entire surface was in contact with the rotor. If some areas were not worn, the running-in procedure was
repeated until the circumferential lines printed by the disc appeared on the entire pin surface. This running-in allows getting
worn surfaces with sliding distance in the range of 5000-8000m depending on the tested sliding speed. The worn surface
can be considered similar at the beginning and at the end of a sliding test because the running-in is performed in the same
friction conditions. This procedure allows reducing the sliding distance influence on the worn surfaces.
2.5 Heat and temperature measurement
The pin surface temperature is calculated by the inverse heat conduction method from the thermocouple temperature
measurement. The function specification method, as given by Beck [14], allows the simultaneous identification of heat flux
density and contact temperature evolution on the unknown boundary z0. In this study, the pin is modelled in a 1D configura-
tion along the thickness direction (ze). The heat conduction equation and thermal boundary conditions are given by (1), (2)
and (3).
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This technique is based on the sensitivity coefficient X providing the temperature variation at the sensor location for a unitary
heat flux variation on the contact surface. The contact and heat flux variation can also be calculated by minimising the dif-
ference between the calculated and measured temperatures at the sensor location. The relevant algorithm is fully developed
in [15].
It is necessary to evaluate the contact temperature by the inverse method because the poor thermal properties of the resin
(Table 1) induce a thermal gradient between the contact surface and the sensor location. This iterative technique introduces
some error in the heat flux estimation due to resolution on several future time increments. However, it is necessary to
calculate boundary conditions when the sensitivity coefficients are poor due to material diffusivity or noisy data.
Thermal conductivity k Specific heat cp Density ρ
W.m−1.K−1 J.kg−1.K−1 kg.m−3
Resin 0.5 1000 1450
Composite 10.8 700 2730
Table 1. Pin materials thermal properties in the range (20-400◦C)
3 Results
The evolution of the friction coefficient and of the material wear are presented regarding four parameters. As well as
temperature, sliding speed and mean pressure, matrix reinforcement can be considered to be a parameter for the friction
condition. The influence of each parameter on the friction coefficient value is discussed. The raw data are extracted from
tests and mean values are calculated according to the real measured pressure, the temperature and the sliding speed values.
As the sliding speed remains constant, the friction coefficient value is compared regarding the three imposed conditions.
The temperature domain is discretized from 40 to 350◦C every 10◦C and the pressure value is discretized on the range 0.25-
1.5MPa every 0.125MPa. Although a mean normal pressure is chosen at the beginning of the test, normal load variations
occur due to the tribometer configuration. Therefore this parameter can be observed on the range 0.25-1.5MPa. The real
load measurement is used to get the friction coefficient dependence instead of the initial normal pressure. To interpret the
parameter influences on the friction coefficient value, we have selected the test results where the standard deviation of the
researched mean normal pressure is lower than 25%.
3.1 Friction behaviour
3.1.1 Mean normal pressure and sliding speed effects
In figure Fig.4, the evolution of the friction coefficient is plotted against sliding speed at the mean radius on the disc.
For different pressure, temperature and material composition, the trend of decreasing friction coefficient can be observed as
sliding speed increases. For a pin surface temperature closed to 50◦C (Fig. 4(a)), the mean pressure exhibits an influence on
the friction coefficient, while reinforcement seems to have only a slight impact on it. However, the difference between the
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Fig. 4. Sliding speed influence on friction coefficient
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Fig. 5. Mean normal pressure influence on friction coefficient
friction coefficient values for the pure matrix and the resin reinforced with steel particles increases for temperatures up to
200◦C (Fig. 4(b)). In all cases, the friction coefficient value grows with decreasing sliding speed. This behaviour is widely
observed in braking material (anti-fade) [16].
The friction coefficient values indicating the influence of mean normal pressure are presented in figure Fig.5 for constant
temperature. In all cases, the coefficient of friction grows with normal load. If we observe the low temperature condition
(Fig.5(a)) for reinforced and unreinforced materials, the average coefficient increases (+ 0.1) with pressure, growing from
0.25-1.5MPa. At 200◦C (Fig.5(b)), this increase is less important, but the material composition dependence can be observed.
The friction coefficient values are in the range of 0.3-0.35 for an unreinforced pin, and larger for the reinforced matrix.
The increase of friction coefficient with pressure has been reported by Jang [6] in work on the effects of metal fibres on
automotive brake materials. This phenomenon is generally explained by the deformation of surface asperities, resulting in
the growth of real contact area [17] and leading to higher friction coefficient values.
3.1.2 Surface temperature effect
The temperature dependence of the friction coefficient can clearly be observed in figure Fig.6. Regardless of the pres-
sure, sliding speed and reinforcement, the friction coefficient value generally decreases when the temperature increases. In
all cases, the temperature-dependent friction behaviour can be decomposed into three stages. In the first stage, the friction
coefficient is only slightly affected by temperature elevation. Then the coefficient rapidly decreases once critical temperature
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Fig. 7. Resin elastic modulus as a function of temperature
value (TC) is reached. This obviously depends most strongly on material composition. The critical value TC is close to 120◦C
for an unreinforced matrix and close to 200◦C in the case of steel reinforced resin for both contact pressures. In the final
stage, the friction coefficient becomes approximately constant above 300◦C. Friction loss with temperature elevation can be
compared with the fading effect observed in braking conditions. For our tests, the fading phenomenon appeared for lower
temperatures, compared to its appearance at 300◦C in the experimental tests conducted by for Gurunath et al. [18]. However,
the authors work with materials containing a large number of abrasives and lubricant constituents and particles may have led
to noticeably different behaviour.
Rheological tests have been performed on pure phenolic material to explain the friction loss with temperature elevation.
The tensile and compressive behaviours have been investigated for different temperatures conditions. Mechanical tests were
conducted on an INSTRON dynamometer in a room chamber adapted as a tensile machine. Strain was monitored using
the Digital Imaging Correlation technique for capture of the specimen. Tests were performed in the quasi-static strain rate
condition with a constant velocity of 3mm.s−1. The temperature influence on the elastic modulus of the phenolic resin is
plotted in Fig. 7 for 20, 120, 240 and 350 ◦C.
We can observe that the resin stiffness and strength are strongly dependent on the studied temperature range. From
120◦C, the stiffness value from the compressive test is approximately 5.1GPa compared to 8GPa at 20◦C. At 240◦C, the
stiffness decreases to 1.1GPa, and no significant variation appears upon increase to the highest temperature (0.95GPa at
350◦C). A similar trend can be observed for the resin compressive strength. It decreases from 132MPa at ambient room
to 16MPa at 350◦C. The material is also more ductile at high temperature; the longitudinal failure strain is approximately
8%, compared to its value of less than 0.5% at ambient temperature. The link between the degradation of the resin and the
friction loss is generally observed [18]. By comparing the friction coefficient evolution and the mechanical properties of the
resin with the temperature, can be noticed. The comparison with reinforced pins shows the benefit and the delay in friction
brought by the steel particles.
3.1.3 Reinforcement benefits
From the tribological test results (Figs. 4-6), some differences can be observed resulting from matrix reinforcement.
The most significant effect is that the onset of high-temperature friction loss is delayed from approximately 120 to 200◦C.
This benefit can be explained by a weakly temperature-dependent friction coefficient of the metal particles employed in these
tests. For temperatures below 350◦C, there is no significant change in the rheological properties of steel [19], and steel-steel
adhesion may not occur in this temperature range.
Particle addition seems to have a smaller effect on the normal pressure and sliding speed dependence of the friction
properties. In figure Fig.4, a decrease of the friction coefficient is observed for pure phenolic resin and reinforced material.
Considering the influence of normal pressure (Figure 5(a)), the low-temperature friction coefficient value is higher for unre-
inforced material. Significant differences can be observed at 200◦C due to strong coupling between the thermal effect and the
material composition. Between 300 and 350◦C, the friction behaviour seems to be similar for unreinforced and reinforced
material sliding at the same pressure.
3.2 Wear behaviour
The worn surfaces were analysed with optical and SEM observations and with profilometer measurements. These
measurements were performed with a Zygo NewView 7300. This device allows height measurements with spatial resolution
of 0.1nm and in-plane resolution of 0.5µm. Optical observations enable the examination of wear debris formed during the
tests. SEM observations highlight that the severe friction conditions favour the particle debonding behavior. Wear analysis
of temperature and reinforcement effects will improve the understanding of the evolution of the friction coefficient.
3.2.1 Temperature effect on matrix
As previously stated, temperature seems to be the most influential parameter on friction behaviour. At the maximum
temperature reached during the test, significant differences are observed on the worn surfaces of the pin and disc. For low
temperature elevation (Fig.8(a)), below 50◦C, the pin roughness RA is approximately 0.6µm in the radial direction and 0.1µm
in the sliding direction. The radial roughness periodicity is consistent with the value measured on the disc side. For low
pin surface heating, the resin seems to be ploughed by the disc, and the wear is dominated by abrasive phenomena. A small
amount of resin material is transferred to the disc friction ring (Fig.8(b)).
For the most severe braking conditions producing temperature elevation above 300◦C, the pin surface displays more ir-
regularities, as shown in Fig.8(c). Although these tests are performed with unreinforced material, some preferential contact
plateaus can be observed, and cavities attest to significant material loss. This may indicate contact localisation on patches
of the surface. The wear mechanism seems to be dominated by plate delamination. A significant material layer can also be
observed at the disc side for tests with temperature elevation below 300◦C (Fig.8(d)). This may correspond to the detachment
of resin plate from the pin side, and adhesive phenomena are probably activated by surfaces heating.
3.2.2 Benefits of reinforcement
Steel particles can easily be observed on the pin surface profiles (Fig.9). For our simplified composite material, the re-
inforcements form preferential contact patches, as described by Eriksson [8] for organic braking pads. For low temperature
conditions (Fig. 9(a)), contact plateaus are generally in the range of 100-250µm in diameter and 4-7µm in height. Patches
can locally have larger sizes when some particles are aggregated.
In the case of high temperature elevation, some differences appear on the worn surfaces. The figure Fig.9(b) shows the
surface profile for a test with temperature elevation up to 350◦C. Preferential contact patches are observed as well, but their
height seems to be dependent on temperature. Plateau diameters are in the range of 80-300µm. Their development is due to
the abrasive wear of the steel particles against the disc. Regarding plateau height, the mean distance between the matrix and
the steel surface is more important at higher temperature. Values from 8 to 15µm were measured, and the height increased
with maximum temperature elevation reached at the pin surface. This phenomenon can be explained by a decrease in matrix
wear resistance at elevated temperature and by the typically high thermal expansion of polymer materials [20]. The resin
(a) Pin surface profile : 50◦C (b) Disc optical observation : 50◦C
(c) Pin surface profile : 300◦C (d) Disc optical observation : 300◦C
Fig. 8. Pure phenolic pin surfaces obtained using profilometer analysis
must expand during the test, be worn and pull back when cooling.
Another observed surface temperature-dependent quantity is the particle debonding ratio. The highest rate of debonding
particles occurred for tests under high pressure and temperature, up to 350◦C. Spherical cavities measured with the optical
profilometer (Fig.9(c)) show that particles have been pulled out by the disc. In the case of low temperature elevation, the
number of cavities was negligible compared with the high temperature case.
Rheological tests have been performed on the reinforced polymer to evaluate the required energy to debond the steel
particle from the resin matrix [21]. A description of the mesoscopic particle/resin interfaces is obtained from a notch-bend
specimen. The parameters of this description are calculated from the macroscopic results using analytic formulations pro-
vided by Tan [22]. This allows the identification of energy released by fracture propagation in the matrix and by fracture
propagation at the interface. Tests have been performed at ambient temperature and at 350◦C. The results show that the
required energy to debond a particle reduced by a factor of three in higher temperature conditions (20◦C: 72 J.m−2, 350◦C:
24.8 J.m−2). Although tests are performed in quasi-static conditions, this may explain the higher debonding rate above
300◦C in tribological tests.
The figure Fig.10 shows particles rubbed in different friction conditions. On Fig.10(a), the pin has been submitted to low
pressure and sliding speed leading to low temperature elevation <50◦C. The wear of the particle seems to have a breakable
behaviour. This could be explained by the fact that particles are obtained by a quench hardening process. Steel particles
may remain in a martensitic phase. On Fig.10(b), the surface has an high temperature elevation due to severe pressure
and sliding speed conditions imposed. The wear pattern of the particle seems to be less breakable. The particle surface
seems to be rubbed in an abrasive wear mode. On the two side, wear debris can be observed. The major difference in the
resin is the amount of cracks. In the low friction conditions (Fig.10(a)), only some cracks are observed. For the severe
conditions (Fig.10(b)), more cracks appears on the resin surfaces. These cracks are also visible along the particle-matrix
interface, majority on the top and left sides on this picture. These observations are in the same way that the conclusions on
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(a) Low temperature elevation (<50◦C, 5m.s−1, 0.25MPa) (b) High temperature elevation (>300◦C, 20m.s−1, 1MPa)
Fig. 10. SEM observations of steel particles
the profilometer analyses.
4 Conclusions
Most studies on braking materials examine the friction and wear properties of complex compositions. This makes phe-
nomena hard to understand due to numerous parameters and synergy among each other. In this work, we examined a simple
phenolic material with reinforcements limited to steel particles. Tribological tests were performed on a High Speed Tribome-
ter, allowing the reproduction of braking tests at a reduced scale.
One interesting result discovered in the present study is the dependence of friction behaviour on surface temperature con-
dition and the corresponding benefit of reinforcement. For both the pure phenolic pin and the composite material, the friction
coefficient was significantly affected by the temperature value. This phenomenon is correlated by the temperature-dependent
rheological behaviour of the polymer. The addition of steel particles results in an increase of the critical temperature TC
leading to friction loss from 120◦C to 200◦C.
The temperature and reinforcement influences can also be observed on the wear behaviour. For the pure phenolic resin
pin, the temperature parameter determines the dominant mode of wear. Abrasive wear at low temperature is replaced by
polymer plate delamination at elevated temperature. This can be observed on the disc surface by significant material transfer.
Steel particles form preferential contact patches, as described in braking literature. However, some differences can be ob-
served in the maximum temperature elevation. First, plateau height grows in the case of high temperature elevation. Second,
reinforcement debonding seems to be easier up to 350◦C. The crack formation has been highlighted around the particle-
matrix by SEM observations.
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